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Abstract

This study sought to determine whether mesenchymal stem cells-derived extracel-
lular vesicles (MSCs-EVs) carrying microRNA-378a-3p (miR-378a-3p) could affect the
pathogenesis of inflammatory bowel disease (IBD) by regulating the GATA-binding
protein 2 (GATA2)/aquaporin-4 (AQP4)/peroxisome proliferator-activated receptor
a (PPAR-a) axis. Initially, colon mucosa biopsy tissues were harvested from healthy
controls and patients with IBD for gRT-PCR and immunohistochemistry analysis. EVs
harvested from MSCs and lipopolysaccharide (LPS) were used to stimulate the M064
cells to establish an in vitro inflammation cell model. Besides, 2,4,6-trinitrobenzene
sulfonic acid intracolon administration was performed to establish in vivo IBD mouse
models. After loss- and gain-of-function assays, the regulatory role of MSCs-derived
EVs loaded with manipulated miR-378a-3p in IBD in relation to GATA2/AQP4/PPAR-a
were explored. Upregulation of GATA2 was identified in the colon tissue of IBD pa-
tients. GATA2, which was a target gene of miR-378a-3p, transcriptionally upregulated
AQP4. After silencing of GATA2, LPS-induced apoptosis of M064 cells was reduced
by the downregulation of AQP4. Decreased AQP4 contributed to PPAR-a pathway
inactivation and weakened the LPS-induced apoptosis of M064 cells. MSCs-EVs de-
livering miR-378a-3p suppressed the GATA2/AQP4/PPAR-a pathway, which reduced
LPS-induced apoptosis of M064 cells and the occurrence of IBD in mice. Altogether,
the current study illustrated that MSCs-EVs transfer miR-378a-3p to reduce the
GATA2 expression, which downregulates AQP4 to block the PPAR-« signalling path-

way, thus suppressing the occurrence of IBD.
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1 | INTRODUCTION

Inflammatory bowel disease (IBD), classified as Crohn's disease and
ulcerative colitis, is considered as chronic remittent/progressive in-
flammatory response affecting the entire gastrointestinal tract or
the colonic mucosa.t Pathologically, IBD is characterized by intes-
tinal inflammation as well as extraintestinal manifestations such as
keratopathy and episcleritis.? As IBD is a multifactorial disorder, it is
associated with various modification ranging from dietary, genetic,
immunological and microbial factors.® Statistically, the incidence
of IBD is relatively low in Asian population relative to the Western
population; however, a gradual rise has been apparent.* Currently,
surgical intervention is regarded as the gold standard for the treat-
ment of IBD,” and bacteriotherapy has been proposed as a promising
protocol for the treatment of IBD.®

Mesenchymal stem cells (MSCs) have been identified as multipotent
cells that are capable of proliferating or replacing dead cells in the body.
MSCs also secrete immunomodulatory molecules.” Recently, the appli-
cation of MSCs has been proposed as an effective treatment protocol
of IBD.® Extracellular vesicles (EVs), including small EVs or exosomes,
are small vesicles secreted by various cell types that can transfer intri-
cate bioactive molecules for involvement in various pathophysiological
pathways of intercellular communication.? In light of existing research,
microRNAs (miRs) can essentially function as efficient diagnostic mole-
cules for the detection and classification in IBD subtypes.'° Intriguingly,
miR-378a-3p could increase the IL-33 expression upon inflammation,
which can exacerbate the pathogenesis of ulcerative colitis.* Based
on our bioinformatic analysis, GATA-binding protein 2 (GATA2) was
targeted by miR-378a-3p. An existing study identified GATA2 as a
multi-catalytic transcription gene, which could serve as a regulator of
inflammatory processes.*?> As previously reported, GATA2 can rad-
ically influence the inflammation in colitis.*® Aquaporin 4 (AQP4) has
been identified as a type of transmembrane protein of the aquaporin
family and a vital water channel in the mammalian brain.}* Moreover,
an existing study determined that the lack of AQP4 could facilitate

1. Peroxisome

the alleviation of experimental colitis in a mouse mode
proliferator-activated receptors (PPARs) have been identified as ligand-
activated transcription genes with notable functionality as mediators
of various biological processes in IBD.X¢ Strikingly, inhibited PPAR-a
action due to palmitoylethanolamide could facilitate the alleviation of
ulcerative colitis.>” In light of the aforementioned literature, the current
study sought to investigate whether MSCs-derived EVs (MSCs-EVs)
containing miR-378a-3p could influence the development of IBD, with

involvement of the GATA2/AQP4/PPAR-« axis.

2 | MATERIALS AND METHODS

2.1 | Ethical approval

The present study was performed with approval of the ethics com-
mittee of the General Surgery Institute of Yangzhou, Northern
Jiangsu People's Hospital, Clinical Medical College, Yangzhou

University. All participators provided signed informed consent prior
to enrolment. All animal experiments were in compliance with the
recommendations for the care and use of laboratory animals issued
by the National Institutes of Health.

2.2 | Bioinformatics analysis

Through the Gene Expression Omnibus (GEO) database, we searched
the IBD-related expression dataset GSE35609 was searched from
the GEO database, which comprises of 4 normal samples and 5 dis-
ease samples. With the normal samples serving as control, the R
language ‘limma’ package was used for a comprehensive differential
analysis. With |logFC| > 1 and p value <0.05 as the screening criteria,
the differentially expressed genes (DEGs) were identified. The bind-
ing domain of GATA2 in the AQP4 promoter region was predicted
using the Jaspar database, while the AQP4-related genes were pre-
dicted by GeneMANIA database, and the related genes were en-
riched by KEGG pathway and analysed by the KOBAS3.0 database.
A combination of the starBase database and DIANA database were
used to predict the upstream miRNA of GATA2. The EVmiRNA da-
tabase was used to identify the miRNAs in the EVs of MSCs, and the
miRNAs with more than 400 expressions were selected for subse-
quent analysis.

2.3 | Clinical tissue sample collection

Normal and inflamed colonic mucosa biopsy tissues were harvested
from healthy controls (HC; n = 17) and active ulcerative colitis pa-
tients (IBD, n = 35), respectively, who underwent examination in the
General Surgery Institute of Yangzhou, Northern Jiangsu People's
Hospital, Clinical Medical College, Yangzhou University from a period
between September 2016 to May 2019. The clinical characteristics
of these patients are shown in Table S1. These tissue samples were
analysed using a combination of reverse transcription-quantitative

polymerase chain reaction (RT-qPCR) and immunohistochemistry.

2.4 | Isolation and culture of mouse mesenchymal
stem cells

Bone marrow cells were rinsed from the mouse femurs and tibias
with phosphate buffered saline (PBS) solution containing 2% foetal
bovine serum (FBS, BI). Next, the cells were seeded (1 x 107 cells
per dish) in a 100-mm dish (Corning Glass Works) for incubation in
a 37°C incubator containing 5% CO,. After 2 days of culture, the
adherent cells were cultured in a-MEM (Invitrogen) supplemented
with a combination of 20% FBS, 2 mM L-glutamine (Invitrogen),
55 um 2-mercaptoethanol (Invitrogen), 100 pg/ml streptomycin
and 100 U/ml penicillin (Invitrogen) for 14 days. Upon attaining
80%-90% confluence, the cells were subcultured for subsequent
experimentation.
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2.5 | Isolation and identification of
extracellular vesicles

The MSCs were cultured in complete medium containing FBS (cen-
trifuged at 100,000x g for 2 h at 4°C to remove EVs). After incuba-
tion of the MSCs at the second passage for 48-72 h, the supernatant
of MSCs was isolated and the EVs were extracted from MSCs
(1.2 x 107 cells) by differential centrifugation (centrifuged at 300x
g for 10 min, 3000x g for 10 min, and 20,000x g for 30 min). The
number of EVs was quantified using the EXOCEP EVs Quantification
Kit (System Biosciences Inc.).

Next, MSCs-EVs were subject to comprehensive evaluation.
Briefly, 20 ul EVs were dripped onto the copper wire, and the liquid
was dried from the side using filter paper after allowing to rest for
3 min. Subsequently, 30 ul of the phosphotungstic acid solution (pH
6.8) was dripped onto the wire and re-dyed at room temperature
for 5 min. Next, the MSC-EVs observations were documented under
transmission electron microscopy (TEM). The particle size analysis*®
was performed using a nanoparticle tracking analyzer (NTA; NS300,
Malvern Instruments Ltd.). Western blot assay was performed using
anti-CD63 (sc-5275) and anti-CD9 (sc-9148), and calnexin (sc-23954).

2.6 | Extracellular vesicles uptake assay

The purified MSCs-EVs were incubated with PKH26 (Sigma-Aldrich
Chemical Company) for 5 min at ambient temperature. The labelled
MSCs-EVs were resuspended in basal medium prior to incubation
with M064 cells at 37°C for 12 h. Next, 4'6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich Chemical Company) was used to stain the nu-
clei for 10 min. The stained cells were observed under the IX53 fluo-

rescence microscope (Olympus).

2.7 | Cell culture and establishment of
inflammation model in vitro

Mouse colonic epithelial cell line M064 (SNPM-M064; Sunncell) and
H&EK 293T cells (ATCC) were cultured in Dulbecco's modified Eagle
medium (DMEM) (Gibco) medium containing a combination of 10%
FBS, 100 pg/ml streptomycin and 100 U/ml penicillin in a 37°C incu-
bator containing 5% CO,. Upon attaining 80%-90% cell confluence,
the cells were passaged. The M064 cells were reacted with 1 pg/ml
LPS (Sigma-Aldrich Chemical Company, prepared with 0.1% DMSO)
for 12 h to successfully establish an in vitro inflammation model.r’
Meanwhile, the control cells were treated with 0.1% DMSO.

2.8 | Cell transfection and grouping

In strict accordance with the provided GATA2 and AQP4 sequences
in NCBI, Sangon (Shanghai, China) was entrusted to construct the
following plasmids: si-GATA2, oe-GATA2, si-NC, oe-NC, oe-AQP4,

si-AQP4, as well as mimic NC, miR-378a-3p mimic, agomir NC and
miR-378a-3p agomir.

The M064 cells were trypsinized and seeded into a 24-well plate
for growth in a monolayer. The culture medium was discarded, and
the cells were transfected using Lipofectamine 2000 (11668-019,
Invitrogen) as follows: (1) si-NC and si-GATA2; (2) si-NC + oe-NC,
si-GATA2 + oe-NC and si-GATA2 + oe-AQP4; (3) si-NC and si-AQP4;
(4) si-NC + DMSO, si-AQP4 + DMSO and si-AQP4 + fenofibrate, a
PPAR-a agonist (50 um, 24 h of reaction; APExBIO). The concentra-
tion of si-NC, si-GATA2 and si-AQP4 was 100 nm, while that of oe-
NC, oe-GATA2 and oe-AQP4 was 50 nm. After 6-8 h of culture at
37°C with 5% CO,, the complete medium was renewed. After 48 h
of culture, the RNA and protein contents were extracted for subse-
quent experimentation.

The miR-378a-3p mimic was transfected into MSCs according to
the provided instructions, and the riboFECT™CP reagent (RiboBio)
was added to transfect miR-378a-3p mimic or mimic NC (20 nmol)
into 2 x 10° MSCs. After 48 h of culture, MSCs-EVs containing miR-
378a-3p and MSCs-EVs-mimic NC were harvested through isolation
and immediately co-cultured with the M064 cells for subsequent

detection.

2.9 | Cell counting kit-8 (CCK-8) assay

MO064 cells were seeded in a 96-well plate at the density of 10* cells
per well for incubation in an incubator for 24 h. After LPS treatment
for 12 h, 10 ul of the CCK-8 (Sigma-Aldrich Chemical Company) so-
lution was added to each well. After incubation in a humidified in-
cubator at 37°C for 1 h, the absorbance value of each sample was
estimated at the excitation wavelength of 450 nm with an Epoch mi-

croplate spectrophotometer (Bio-Tek). Six duplicated wells were set.

2.10 | Dual-luciferase reporter gene assay

GATA2 3'-UTR sequence containing the predicted miR-378a-3p
binding site was inserted into pGL3 basic vector (Promega) of
the Xbal restriction site downstream of luciferase gene to syn-
thesise the firefly/Renilla luciferase reporter vector pGL3-basic-
GATA2-3'-UTR-wide type (WT) (GATA2-WT). The mutant type
(MUT) was pGL3-basic-GATA2-3'-UTR-MUT (GATA2-MUT; se-
quence: F: GGGGAGCTCTTCAAACAGGGAGATAATTTTAA; R:
CCCCTCGAGACTCCTGCACAGACGTGAAG).2® H&EK-293T cells
were seeded in a 24-well plate and incubated for 24 h. Upon at-
taining 50%-60% cell confluence, the cells were co-transfected
using Lipofectamine 2000 with NC-mimic/miR-378a-3p mimic and
GATA2-WT; NC-mimic/miR-378a-3p mimic and GATA2-MUT. In ad-
dition, all cells were transfected with 10 ng of the pRL-TK Renilla
luciferase for 24 h. The luciferase activity was determined in the
cell lysate. The relative luciferase activity was determined using the
dual-luciferase reporter gene assay system (E1910; Promega) and
normalized to Renilla luciferase activity.
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2.11 | Chromatin immunoprecipitation (ChIP)

Cells were fixed using 1% formaldehyde for 10 min and terminated
with the addition of 0.125 m glycine. The cells were scraped off, and
the cell precipitates were isolated by centrifugation. The cells were
resuspended in cell lysis buffer (20 mm Tris HCI, pH 8.0, 85 mM
KCl, 0.5% NP40 and protease inhibitor) and then centrifuged to
isolate the nuclei. Nuclear precipitates were lysed in sodium do-
decyl sulphate (SDS) lysis buffer (1% SDS, 10 mm ethylene diamine
tetraacetic acid (EDTA), 50 mm Tris HCI, pH 8.1 and protease inhibi-
tor) and then ultrasonically treated to fragment the DNA into seg-
ments of length between 200 and 1000 bp. The diluted ultrasonic
lysate was added for ChIP, followed by incubation with the anti-
GATA2 (SC-267, Santa Cruz Biotechnology) and anti-lgG antibodies
at 4°C overnight respectively. Using the pierce protein A/G mag-
netic beads (88803, Thermo Fisher Scientific), GATA2 DNA could
bind by centrifugation at 12,000x g for 5 min. Non-specific complex
was rinsed from the precipitates and crosslinked overnight at 65°C.
The recovered and purified DNA fragments were subsequently
used as the amplification templates. The primer sequence of AQP4
promoter was as follows: F: 5-GTGAGGAAATGCAGTGCCAA-3', R:
5'-CCCCATAGCAAACTAAGGGCT-3'2Y The immunoprecipitated
DNA was detected by gRT-PCR using iQ SYBR Green supermax
(Bio-Rad Laboratories).

2.12 | Coimmunoprecipitation (Co-IP)

MO064 cells were lysed in the IP lysis buffer (P0O013; Beyotime
Biotechnology) according to the provided instructions. Cell lysate
containing 200 ug of protein was incubated with the Dynabeads®
Protein G and 2 ug AQP4 antibody (at a dilution ratio of 1: 100, sc-
32739, Santa Cruz Biotechnology) or IgG (negative control) at 4°C
for 4 h. Finally, the immunoprecipitation complex was analysed by
Western blot using the PPAR-a antibody (at a dilution ratio of 1:100,
SC-398394, Santa Cruz Biotechnology).

213 | gRT-PCR

The Trizol reagent (15596026, Invitrogen) was used to extract the
total RNA content from colon tissues and cells. The RNA content was
reversely transcribed into cDNA using the PrimeScript R reagent kit
(RRO47A, Takara, Otsu). The Poly A tailed detection kit (0532451,
Sangon; including Universal PCR primer R and U6 Universal PCR
primer R) was adopted to isolate the cDNA content from the miRNA
containing Polya tail. Fast SYBR Green PCR kit (Applied Biosystems)
and ABI prism 7300 gRT-PCR system (Applied Biosystems) were
used for gqRT-PCR detection. U6 served as the internal reference
for miR-378a-3p, and glyceraldehyde-phosphate dehydrogenase
(GAPDH) served as internal reference for GATA2 and AQP4. The
relative gene expression was analysed based on the 2725CT method.
The primer design is provided in Table S2.

2.14 | Western blot assay

The tissues and cells were isolated for lysis with the radioimmu-
noprecipitation assay (RIPA) lysate (Beyotime) containing 1% phe-
nylmethylsulfonyl fluoride (PMSF) for 30 min on ice. The protein
concentration was determined based on the BCA (Pierce) method.
The protein content was denatured using 5x loading buffer and
boiled at 10°C for 10 min; the loading amount of the protein was
50 ug. The separation gel and concentration gel were prepared
for electrophoresis. After electrophoresis, the bands containing
the target protein were transferred onto a polyvinylidene fluoride
membrane. Next, the membrane was immersed in 5% skimmed milk
powder, sealed at ambient temperature for 1 h and treated with
mouse anti-GATA2 (at a dilution ratio of 1:200, sc-267, Santa Cruz
Biotechnology), mouse anti-AQP4 (at a dilution ratio of 1:200, sc-
32739, Santa Cruz Biotechnology), PPAR-a (at a dilution ratio of
1:200, sc-398394, Santa Cruz Biotechnology), mouse anti-AQP4 (at a
dilution ratio of 1:200, sc-32739, Santa Cruz Biotechnology), PPAR-a
(at a dilution ratio of 1:200, sc-398394, Santa Cruz Biotechnology),
mouse Anti-B-actin (at a dilution ratio of 1:10,000, AC004, Abclonal
Technology) overnight at 4°C. 3-actin served as an internal reference.
Horseradish peroxidase (HRP)-labelled goat anti-mouse or goat anti-
rabbit against 1gG (at a dilution ratio of 1:10,000, Boster) second-
ary antibody was added for incubation of the protein bands for 1 h
at ambient temperature. The Electrogenerated chemiluminescence
(ECL) reaction solution (Thermo Fisher Scientific) was evenly added
to the membrane, which was then placed in the development instru-
ment (Amersham Imager 600, Amersham Biosciences) for exposure.
The Image J (NIH) software was used for grey value analysis.

2.15 | Flow cytometry

Annexin v-fluorescein isothiocyanate (FITC)/propidium iodide (Pl)
double staining kits (Article No.: 70-AP101-100, Lianke) were used
to detect the degree of cell apoptosis. The cultured cells were di-
gested with 0.25% trypsin (without EDTA) and centrifuged at 300x
g for at least 5 min. After removal of the supernatant, the remaining
precipitates were resuspended in 500 ul of binding buffer. Next, the
samples were incubated with 3 ul of annexin V-FITC and 2.5 ul of PI
in conditions devoid of light at 37°C for 20 min. A flow cytometer
(FACS, Calibur, BD Biosciences) was used to analyse the apoptosis of

cells, and the observations were documented and analysed.

2.16 | Establishment and of inflammatory bowel
disease mouse model

A total of 50 male C57BL/6 mice (6 weeks old, weighing 18-22 g)
were purchased from Shanghai SLAC Laboratory Animal Co., Ltd.
The mice were housed at saturated humidity (45%-50%) and tem-
perature (25-27°C) for 1 week with daily 12-h light/darkness cycles
for acclimation to the experimental environment. The mice were
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fasted for 12 h before administration, and they had ad libitum ac-
cess to food and water at other times. Next, 2,4,6-trinitrobenzene
sulfonic acid (TNBS) was administered to the mice to establish the
IBD model.?? Briefly, the mice were anaesthetized by inhalation of
diethyl ether (Sigma-Aldrich Chemical Company). Then, a 3-cm cath-
eter was inserted into the anus. Next, 3.5 mg TNBS was dissolved in
100 pl of 30% ethanol solution and administered in the colon via the
catheter. The control mice were given 100 ul of 30% ethanol solu-
tion under similar protocol. The IBD mice were used as control or
treated with TNBS, with 10 mice in each group. The IBD model mice
were treated with MSCs-EVs agomir NC + oe-NC, MSCs-EVs-miR-
378a-3p agomir +oe-NC or MSCs-EVs-miR-378a-3p agomir + oe-
GATAZ2, with 10 mice in each group. TNBS was administrated once a
week. During the first and second regimens of TNBS administration,
200 pg of MSCs-EVs agomir NC or MSCs-EVs-miR-378a-3p agomir
and 50 nmol of oe-NC or oe-GATA2 were injected intravenously into
the mice. After 4 regimens of TNBS administration, the mice were
euthanized by CO, asphyxiation, and the colitis tissues were isolated

about 2 cm away from ileocecal region for follow-up detection.

2.17 | Determination of disease activity index (DAI)
Several parameters such as the body weight, faecal characteristics
and faecal occult blood were documented. DAI was calculated ac-

cording to the scoring system provided in Table S3.

2.18 | Haematoxylin and eosin staining

The colon segment (about 2-3 cm long) was excised, and the colon
length from cecum to anus was measured. Next, the segment was
fixed using 4% paraformaldehyde, paraffin-embedded and sectioned
(5 um). The paraffin sections were then stained with Haematoxylin and
eosin. First, the prepared sections were taken for routine de-waxing
and gradient alcohol dehydration, then stained with haematoxylin
(Solarbio) for 2 min and separated with 1% hydrochloric acid ethanol
for 10 s. The sections were subsequently stained with eosin solution
for 1 min, dehydrated with gradient alcohol, cleared with xylene and
finally sealed with neutral gum. The histological modifications were
all observed under an optical microscope (XP-330, Shanghai Bingyu
Optical Instrument Co., Ltd.). The total injury score was determined
by the following parameters: goblet cell depletion (presence = 1, ab-
sence = 0), crypt abscess (presence = 1, absence = 0), mucosal struc-
tural destruction (normal = 1, moderate = 2, extensive = 3), muscle
thickening (normal = 1, moderate = 2, extensive = 3) and cell infiltra-
tion (normal = 1, moderate = 2, transmural = 3).

2.19 | Immunohistochemistry

The colonic mucosa was fixed using 4% paraformaldehyde for
1 week. Next, the samples were embedded in paraffin and divided

into 4 um thick sections. The sections were treated with 0.1 M cit-
ric acid buffer (pH 6.0) and heated in a 100°C microwave oven for
10 min to facilitate antigen repair. The sections were then subject
to overnight incubation with the corresponding primary antibod-
ies anti-GATA2 (at a dilution ratio of 1:100, SC-267, Santa Cruz
Biotechnology), anti-AQP4 (at a dilution ratio of 1:100, sc-32739,
Santa Cruz Biotechnology) and anti-PPAR-a (at a dilution ratio of
1:100, sc-398394, Santa Cruz Biotechnology) at 4°C. Next, the sec-
ondary antibody goat anti-rabbit (ab6721, Abcam Inc.) in combina-
tion with HRP was subject to incubation at room temperature for
1 h. Immune response was generated using 0.05% diaminobenzidine
(DAB) containing 0.01% hydrogen peroxide (Hzoz; Bioss). The slices
were soaked in haematoxylin for 5 min, then in 1% hydrochloric acid
alcohol for 4 s to revert to blue colour. The standard of protein-
positive cells was identified as the normal positive cells which were
brownish yellow. The sum of integrated optical density was analysed
using the Image-Pro Plus 6.0 software (Media Cybrnetics).

2.20 | Statistical analysis

All experimental data, expressed as mean + standard deviation,
were analysed using the SPSS 21.0 statistical software (IBM) and
graphPad Prism 7.0. The cell experiments were conducted three
times independently. Data between two groups were compared by
the unpaired t test and those among multiple groups were compared
by one-way analysis of variance (ANOVA), followed by Tukey's post
hoc tests. In all statistical references, a value of p < 0.05, p < 0.01,
p < 0.001 or p < 0.0001 was demonstrative of a statistically signifi-

cant difference.

3 | RESULTS

3.1 | GATAZ2 expression was elevated in colonic
tissues of IBD patients and mice

Initially, a differential analysis was performed on the expression mi-
croarray GSE35609 obtained from the GEO database, which identi-
fied 535 DEGs (Figure 1A). The 535 DEGs were further intersected
with the transcription factors retrieved from Cistrome (Figure 1B),
and five candidate transcription factors (GATA2, ATF3, BCI3, RXRG
and ARNT) were determined. These five transcription factors
showed significantly differential expression in IBD. Moreover, our
findings revealed that GATA2 was the most DEG among the five
candidate transcription factors (logFC = 1.8). Next, gRT-PCR was
conducted to detect the expression of GATA2 in the colonic mucosa
of healthy controls and IBD patients. The results revealed that the
expression pattern of GATAZ2 in the colonic mucosa of IBD patients
was notably upregulated relative to the healthy controls (Figure 1C).

Subsequently, we established an IBD mouse model for further
investigation. We initially detected alterations in the weight and
colon length of mice (Figure 1D,E) and found that relative with the
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control mice, the weight of TNBS mice gradually decreased over
time, and the colon length was also shortened significantly. Based
on DAI score determination, relative to that in control mice, DAI of
TNBS mice was markedly elevated (Figure 1F). Haematoxylin and
eosin staining (Figure 1G) results elicited apparent inflammatory cell
infiltration, crypt loss, mucosal destruction and oedema in the colon
mucosa of TNBS mice, with an increased total injury fraction of
TNBS mice in TNBS mice relative to the control mice. Subsequently,
the results of qRT-PCR and Western blot assay demonstrated a
markedly increased expression pattern of GATA2 in TNBS mice rel-
ative to the control mice (Figure 1H,I, Figure S1A). Subsequently,
immunohistochemistry was performed to determine the localization
and expression pattern of GATAZ2 in the mouse colonic mucosa sam-
ples (Figure 1J), and the results displayed a predominant expression
pattern of GATA2 in the nuclei of epithelial cells from the mouse
colonic mucosa tissues, and its expression was markedly increased
in TNBS mice in comparison with the control mice. The aforemen-
tioned results suggested that GATA2 was upregulated in the colonic

mucosa of IBD patients and mice.

3.2 | Silencing GATA2 promoted LPS-induced
proliferation and reduced the apoptosis of M064 cells
by inhibiting AQP4 expression

We initially detected the expression pattern of AQP4 in the colonic
mucosa of healthy controls and patients with IBD (Figure 2A) and
determined that relative to the healthy controls, the AQP4 expres-
sion in the colonic mucosa of patients with IBD was significantly up-
regulated. The results of immunohistochemistry (Figure 2B) elicited
a prominent expression pattern of AQP4 in the cell membrane of
epithelial cells from the mouse colonic mucosa tissues, and its ex-
pression pattern was markedly elevated in the TNBS mice relative to
the control mice. Therefore, we speculate that GATA2 may elevate
the expression pattern of AQP4 through transcription, thus increas-
ing the occurrence of IBD.

Subsequently, we investigated the binding condition of GATA2
to the AQP4 promoter region, and identified multiple GATA2 bind-
ing domains in the AQP4 promoter region (Table S4). Subsequent
verification by ChIP revealed notable enrichment of GATA2 in the
promoter region of AQP4 (Figure 2C), thereby eliciting the abil-
ity of GATA2 to bind to the promoter region of AQP4. Therefore,
LPS was used to stimulate the M064 cells to establish an in vitro
inflammation model to explore the regulatory effect of GATA2 on
AQP4 expression pattern. LPS treatment increased the expres-
sion patterns of GATA2 and AQP4 in the M064 cells relative to the
control cells (Figure 2D,E, Figure S1B). Furthermore, gRT-PCR and
Western blot assay (Figure 2F,G, Figure S1C) revealed evidently re-
duced GATA2 and AQP4 levels in M064 cells upon treatment with
siRNA (si)-GATA2 relative to the M064 cells with si-NC treatment,
hence suggesting that GATA2 could combine with the promoter re-
gion of AQP4 to promote the AQP4 expression pattern. CCK-8 assay
and flow cytometry (Figure 2H,l, Figure S2A) demonstrated that

GATAZ2 silencing promoted the M064 cell proliferative ability and
inhibited LPS-induced M064 cell apoptotic capability.

To further explore whether silencing GATA2 can reduce the
apoptosis of M064 cells induced by LPS by regulating the expres-
sion pattern of AQP4, we subsequently silenced GATA2 and over-
expressed AQP4 in the M064 cells. qRT-PCR and Western blot
assay (Figure 2J,K, Figure S1D) revealed that si-GATA2 treatment
individually decreased GATA2 and AQP4 levels in LPS-treated
MO064 cells, while further overexpression of AQP4 led to a marked
increase in AQP4 expression pattern. Subsequently, CCK-8 assay
and flow cytometry (Figure 2L,M, Figure S2B) revealed that the si-
lencing of GATA2 increased proliferation and decreased apoptosis
of LPS-treated M064 cells, which was further annulled by additional
overexpression of AQP4. Overall, our findings elicited that silencing
GATA2 can definitively reduce the LPS-induced apoptosis of M064
cells by decreasing the expression of AQP4.

3.3 | Silencing AQP4 inhibited PPAR-a pathway
to promote LPS-induced proliferation and reduce
apoptosis of M064 cells

We searched the AQP4-related genes (Figure 3A), performed KEGG
pathway enrichment analysis, (Figure 3B) and found that the AQP4-
related genes were prominently enriched in the PPAR signalling
pathway. PPAR-a is a member of the nuclear receptor superfamily
PPARs?%22 notably expressed in the intestinal cells, and can serve as
modulators of inflammation and immune response.23’25

We initially detected the expression pattern of PPAR-a in the
colonic mucosa of healthy controls and patients with IBD, which re-
vealed a considerably elevated PPAR-a expression in colonic mucosa
of patients with IBD compared to the healthy controls (Figure 3C).
Immunohistochemistry (Figure 3D) elicited identification of PPAR-a
in the nuclei of epithelial cells from the mouse colonic mucosa tis-
sues, with a radically rising level in the TNBS mice compared to the
control mice. Further detection of the PPAR-a expression pattern in
MO064 cells after LPS treatment revealed that relative to the control
cells, the PPAR-a level was notably higher in LPS-treated M064 cells
(Figure 3E, Figure S1E).

Subsequently, we investigated the interaction between AQP4
and PPAR-a through Co-IP and identified that AQP4 could defin-
itively bind to PPAR-a (Figure 3F). gRT-PCR revealed that com-
pared to si-NC, si-AQP4 decreased AQP4 and PPAR-a expression
pattern in LPS-treated M064 cells (Figure 3G). Furthermore, the
MO064 cells were further treated with fenofibrate. Fenofibrate has
extensive application in reducing the cholesterol level of patients
at risk of cardiovascular disease. It can be used alone or in combi-
nation with statins for the treatment of hypercholesterolemia and
hypertriglyceridemia.?® Western blot results showed that si-AQP4
contributed to the significantly decreased protein expression pat-
tern of AQP4 and PPAR-«a in the presence of DMSO, while additional
treatment of fenofibrate notably increased the PPAR-a expression
pattern (Figure 3H). Moreover, M064 cell proliferation increased
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FIGURE 1 GATAZ2 is highly expressed in colonic tissues of IBD patients and mice. (A) The heatmap of differential gene expression pattern
of IBD microarray was plotted. The sample number is shown in x-axis, and gene name is shown in y-axis; gene expression level clustering

is shown in the dendrogram on the left, sample clustering in the dendrogram on the top and colour scale in the histogram on the right.

(B) Retrieval of transcription factors in differential genes. Two circles in the figure represent transcription factors and differential genes,
respectively, and the middle part represents the intersection of two groups of data. (C) gRT-PCR was performed to detect GATA2 expression
pattern in colonic mucosa of healthy controls (n = 17) and IBD patients (n = 35). (D) Colon length of mice with different treatment was
recorded (n = 10). (E) Weight loss of mice with different treatment during administration was recorded (n = 10). (F) Statistical chart was
plotted for DAI score of mice with different treatment (n = 10). (G) Haematoxylin and eosin staining was performed to determine colonic
tissue damage of mice with different treatment (n = 10, scale bar: 50 um) (H) gRT-PCR was used to detect the mRNA expression pattern of
GATAZ2 in colonic mucosa tissues of mice with different treatment (n = 10). (I) Western blot assay was used to detect the protein expression
pattern of GATA2 in colonic mucosa tissues of mice with different treatment (n = 10). (J) The localization and expression pattern of GATA2
in mouse colonic mucosa tissues were determined with immunohistochemistry (n = 10, scale bar: 50 um). Data between two groups were

compared by unpaired t test and those among multiple groups at different timepoints by repeated measures of ANOVA, followed by Tukey's
post hoc tests. ***p < 0.001. ****p < 0.0001
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FIGURE 2 Silencing GATA2 reduces the apoptosis of M064 cells induced by LPS by inhibiting the expression pattern of AQP4. (A)
gRT-PCR was used to detect the expression pattern of AQP4 in colonic mucosa of healthy controls (n = 17) and IBD patients (n = 35).

Fokk

p < 0.001 vs. healthy controls. (B) The localization and expression pattern of AQP4 in mouse colonic mucosa tissues was determined

with immunohistochemistry (n = 10, scale bar: 50 um). (C) ChIP assay was used to detect the enrichment of GATA2 in AQP4 promoter
region (***p < 0.001 vs. IgG antibody). (D) The mRNA expression levels of GATA2 and AQP4 in M064 cells stimulated by LPS were detected
by qRT-PCR (**p < 0.01 vs. control). (E) The protein expression levels of GATA2 and AQP4 in M064 cells stimulated by LPS were detected
by Western blot assay. (F) The mRNA expression levels of GATA2 and AQP4 in M064 cells after silencing GATA2 were detected by qRT-
PCR. (G) The protein expression patterns of GATA2 and AQP4 in cells after silencing GATA2 were detected by Western blot assay. (H) Cell
proliferation after silencing GATAZ2. (l) Cell apoptosis after silencing GATA2. (J) mRNA expression of GATA2 and AQP4 in cells with different
treatment as determined by qRT-PCR. (K) The protein expression patterns of GATA2 and AQP4 with different treatment were detected

by Western blot assay. (L) CCK-8 assay was performed to determine cell proliferation. (M) Flow cytometry was performed to detect cell
apoptosis. Data between two groups were compared by unpaired t test and those among multiple groups by one-way ANOVA, followed by
Tukey's post hoc tests. **p < 0.01. ***p < 0.001. ****p < 0.0001. Cell experiments were conducted three times independently

and apoptosis decreased after si-AQP4 and DMSO treatment, which
was further annulled by fenofibrate administration (Figure 31,J). The
aforementioned results suggest that silencing AQP4 is capable of
inhibiting PPAR-a pathway and reducing LPS-induced apoptosis of
MO064 cells.

3.4 | miR-378a-3p targeted and inhibited GATA2

We predicted the upstream miRs of GATA2 using scientific data-
bases such as starBase and intersected the prediction results with
the miRs expressed in the EVs of MSCs retrieved from EVmMiRNA
(Figure 4A). Finally, we identified three candidate miRs, namely

miR-25-3p, mMiR-92a-3p and miR-378a-3p. Next, qRT-PCR was
performed to detect the expression pattern of miR-378a-3p in the
colonic mucosa of healthy controls and patients with IBD, which
revealed considerably reduced miR-378a-3p expression pattern
in the colonic mucosa of patients with IBD relative to the healthy
controls (Figure 4B). Intriguingly, the involvement of decreased
miR-378a-3p has been identified in the pathogenesis of ulcerative
colitis. !

Dual-luciferase reporter gene assay displayed that compared
with the mimic NC, miR-378a-3p mimic led to a notable reduction
of luciferase activity in the GATA2-wild-type (WT) co-transfection
group (Figure 4C), thereby highlighting that miR-378a-3p can
target GATA2. After LPS stimulation, a lowered miR-378a-3p
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FIGURE 3 Silencing AQP4 inhibits PPAR-a pathway and reduces LPS-induced apoptosis of M064 cells. (A) Search of AQP4-related genes.
Each circle in the figure represents a gene, and the lines between circles indicate that there is correlation between genes. (B) KEGG pathway
enrichment analysis of AQP4-related genes. X-axis represents GeneRatio, y-axis represents functional items, circle size represents the
number of enriched genes in the items, colour represents enrichment p value, and the right histogram is colour scale. (C) qRT-PCR was used
to detect the expression of PPAR-a in colonic mucosa of healthy controls (n = 17) and patients with IBD (n = 35). (D) The localization and
expression of PPAR-a in mouse colonic mucosa tissues were determined with immunohistochemistry (n = 10, scale bar: 50 um). (E) Western
blot assay was used to detect the protein expression pattern of PPAR-a in M064 cells after LPS stimulation. (F) The interaction between
AQP4 and PPAR-a in M064 cells was determined by Co-IP, and its expression was subjected to Western blot assay. (G) Western blot analysis
was used to detect the protein expression patterns of AQP4 and PPAR-a in M064 cells after silencing AQP4. (H) The protein expression
patterns of AQP4 and PPAR-a in M064 cells with different treatment were detected by Western blot analysis. (I) CCK-8 assay was
performed to detect cell proliferation. (J) Flow cytometry was performed to detect cell apoptosis. Data between two groups were compared
by unpaired t test and those among multiple groups by one-way ANOVA, followed by Tukey's post hoc tests. **p < 0.01. ***p < 0.001.

****p < 0.0001. Cell experiments were conducted three times independently

expression pattern was evident in the M064 cells (Figure 4D). qRT- 3.5 | Mesenchymal stem cells-derived extracellular
PCR (Figure 4E,F) demonstrated that compared with mimic NC, vesicles carrying miR-378a-3p inhibited GATA2/
miR-378a-3p mimic markedly upregulated the expression pattern of AQP4/PPAR-a pathway and reduced LPS-induced
miR-378a-3p in LPS-treated M064 cells, while that of GATA2 was apoptosis of M064 cells

significantly downregulated. Western blot assay revealed that the

GATA2 protein level was decreased after miR-378a-3p elevation In this experiment, we extracted EVs from MSCs by differential
in LPS-treated M064 cells (Figure 4G, Figure S1F). Conjointly, miR- centrifugation for observation under transmission electron micros-
378a-3p can target and inhibit GATA2 expression. copy (TEM; Figure 5A), which revealed that the EVs were round- or
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FIGURE 4 miR-378a-3p targets and inhibits GATA2. (A) Prediction of upstream miRs of GATA2. The three circles in the figure represent
the prediction results of upstream miRs of GATA2 and the miR expressed in the MSCs-EVs, and the middle part represents the intersection
of three groups of data. (B) gqRT-PCR detection of miR-378a-3p expression pattern in colonic mucosa of healthy controls (n = 17) and
patients with IBD (n = 35). (C) Dual-luciferase reporter gene assay was used to detect the targeting relationship between miR-378a-3p and
GATAZ2. (D) gRT-PCR was used to detect the expression pattern of miR-378a-3p in M064 cells stimulated by LPS. (E) gRT-PCR was used

to detect the expression pattern of miR-378a-3p in M064 cells after overexpression of miR-378a-3p. (F) qRT-PCR was used to detect the
expression pattern of GATA2 in M064 cells after overexpression of miR-378a-3p. (G) The protein expression pattern of GATA2 in M064
cells after overexpression of miR-378a-3p was detected by Western blot assay. Data between two groups were compared by unpaired t test.
*p < 0.05. **p < 0.01. ***p < 0.001. Cell experiments were conducted three times independently

cup-shaped with a diameter of 100 nm. The particle size of puri-
fied MSCs-EVs was measured using a nanoparticle tracking analyzer
(NTA), demonstrating that the particle size of MSCs-EVs ranged
between 60 and 120 nm (Figure 5B). Immunofluorescence and
Western blot results demonstrated that CD63 and CD9 were ex-
pressed in MSCs-EVs, while calnexin was almost not expressed in
MSCs-EVs (Figure 5C, Figure S1G), thus indicative of the success-
ful isolation of EVs from MSCs. As observed under fluorescence
microscope (Figure 5D), the PKH26-labelled MSCs-EVs showed red

fluorescence in the cytoplasm of M064 cells, indicating that MSCs-
EVs could be absorbed by the M064 cells. Moreover, our findings
elicited a slightly higher miR-378a-3p expression pattern in MSCs-
EVs relative to the MSCs (Figure 5E).

We further transfected MSCs with the miR-378a-3p mimic
or mimic NC, extracted MSCs-EVs, and co-cultured it with LPS-
induced M064 cells. gRT-PCR results (Figure 5F,G) revealed that
compared with the MSCs-EVs-mimic NC, MSCs-EVs containing
miR-378a-3p upregulated the miR-378a-3p expression pattern

FIGURE 5 Mesenchymal stem cells-derived extracellular vesicles carrying miR-378a-3p inhibits GATA2/AQP4/PPAR-a pathway and
reduced LPS-induced apoptosis of M064 cells. (A) The vesicles in MSCs were analysed by transmission electron microscopy (500 nm).

(B) The particle size of MSCs-EVs was measured using a nanoparticle tracking analyzer. (C) The expression patterns of CD63, CD9 and
calnexin in the EVs were detected by immunofluorescence and Western blot assay. (D) The uptake of MSCs-EVs by M064 cells with
different treatment was observed by fluorescence microscope (scale bar: 25 um). (E) The expression pattern of miR-378a-3p in MSCs and
MSCs-EVs was detected by gRT-PCR. (F) The expression pattern of miR-378a-3p in M064 cells with different treatment was detected by
gRT-PCR. (G) The mRNA expression patterns of GATA2 and AQP4 in M064 cells with different treatment were detected by gRT-PCR. (H)
The protein expression patterns of GATA2, AQP4 and PPAR-a in M064 cells with different treatment were detected by Western blot assay.
() The proliferation of M064 cells was detected by CCK-8 assay. (J) The apoptosis of M064 cells was detected by flow cytometry. Data
between two groups were compared by unpaired t test. *p < 0.05. **p < 0.01. ***p < 0.001. Cell experiments were conducted three times

independently
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while downregulating the expression patterns of GATA2, AQP4 AQP4 and PPAR-a protein levels in the LPS-treated M064 cells
and PPAR-a. Western blot assay (Figure 5H, Figure S1H) revealed in comparison with the MSCs-EVs-mimic NC. From CCK-8 assay
that MSCs-EVs-miR-378a-3p markedly downregulated the GATA2, and flow cytometry (Figure 51,J, Figure S2C), compared with the
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FIGURE 6 MSCs-EVs carrying miR-378a-3p inhibits GATA2/AQP4/PPAR-a pathway to suppress the occurrence of IBD in mice. (A) The
expression pattern of miR-378a-3p in colonic mucosa tissues of mice with different treatment was detected by gRT-PCR. (B) The mRNA
expression patterns of GATA2, AQP4 and PPAR-« in colonic mucosa tissues of mice with different treatment were detected by qRT-PCR.

(C) The expression patterns of GATA2, AQP4 and PPAR-« in colonic mucosa tissues of mice with different treatment were detected by
immunohistochemical staining. (D) Weight loss of mice with different treatment during administration was recorded. (E) Colon length of mice
with different treatment was recorded. (F) The statistical plot was drawn for DAl score of mice with different treatment. (G) The statistical
plot was plotted for colon tissue injury score of mice with different treatment as detected by Haematoxylin and eosin staining. Data among
multiple groups were compared by one-way ANOVA and those at different timepoints by repeated measures ANOVA, followed by Tukey's

post hoc tests. *p < 0.05. ***p < 0.001. ****p < 0.0001.n =10

MSCs-EVs-mimic NC, MSCs-EVs-miR-378a-3p increased the pro-
liferation of LPS-treated M064 cells and reduced the apoptosis.
Collectively, our results demonstrated that MSCs-EVs carrying
miR-378a-3p can repress the GATA2/AQP4/PPAR-a pathway to
impede LPS-induced apoptosis of M064 cells.

3.6 | Mesenchymal stem cells-derived extracellular
vesicles carrying miR-378a-3p inhibited GATA2/
AQP4/PPAR-a pathway and suppressed the
occurrence of IBD in mice

We further explored whether MSCs-EVs containing miR-378a-3p
could regulate the GATA2/AQP4/PPAR-a pathway to influence the
occurrence of IBD in mice. Initially, qRT-PCR (Figure 6A) showed
that compared to the MSCs-EVs-agomir NC, MSCs-EVs-miR-
378a-3p led to a notable increase in the expression pattern of miR-
378a-3p in the colonic mucosa tissues of mice with the presence
of overexpression (oe)-NC, while no marked expression pattern
alteration was evident in miR-378a-3p by subsequent treatment
of oe-GATA2. Furthermore, qRT-PCR and Immunohistochemical

results (Figure 6B,C) revealed that MSCs-EVs-miR-378a-3p

markedly decreased GATA2, AQP4 and PPAR-a expression pat-
tern in the colonic mucosa tissues of mice, which was annulled by
further treatment of oe-GATA2.

Subsequently, we detected the weight and colon length mod-
ifications in mice with different treatment protocols (Figure 6D,E,
Figure S3A), and determined that the weight of mice treated with
MSCs-EVs agomir NC +oe-NC decreased gradually, while MSCs-
EVs-miR-378a-3p increased the mouse weight and colon length;
however, GATA2 elevation inverted the effect of MSCs-EVs-miR-
378a-3p, resulting in marked weight loss with shortening of colon
length. An analysis of the DAI score (Figure 6F) revealed that
MSCs-EVs-miR-378a-3p resulted in significantly decreased DAI,
while GATA2 elevation restored the protective effect of MSCs-
EVs-miR-378a-3p. Based on the results from Haematoxylin and
eosin staining (Figure 6G, Figure S3B), after treatment with MSCs-
EVs agomir NC, inflammatory cell infiltration, crypt loss, mucosal
destruction and oedema were all evident in the colonic mucosa of
mice, while MSCs-EVs-miR-378a-3p reduced the degree of damage
of colonic mucosa, which was annulled by further GATA2 elevation.
Altogether, MSCs-EVs carrying miR-378a-3p could suppress the
GATA2/AQP4/PPAR-a pathway, thereby impeding the occurrence
of IBD in mice.
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FIGURE 7 Molecular mechanism plot. MSCs-EVs deliver miR-
378a-3p to inhibit transcription factor GATA2, thus downregulating
the expression pattern of AQP4 and blocking PPAR-a signalling
pathway, which inhibits the occurrence of IBD by suppression of
LPS-induced apoptosis of M064 cells

4 | DISCUSSION

Inflammatory bowel disease is regarded as a non-communicable
disease lacking effective pharmacological therapy.27 In the current
study, we sought to determine the regulatory mechanism of miR-
378a-3p-containing MSCs-EVs in IBD and identified that it could
inhibit the progression of IBD by blockade of the AQP4/GATA2/
PPAR-a axis.

Initially, our findings elicited the elevation of GATA2 in the colon
tissues of IBD patients and mice, and its silencing could reduce the LPS-
induced apoptosis of M064 cells. An existing study investigated the
role of GATA2 in IBD and determined that the GATA2 deficiency might
influence the development of IBD.2® Additionally, previous research
identified that the transcription factor GATA2 serve as an inducer for
the inflammatory reaction in colitis.'® Furthermore, the current study
demonstrated that the inhibition of GATA2 could contribute to down-
regulated AQP4 and blockade of PPAR-a, thereby reducing the LPS-
induced apoptosis of M064 cells. Notably, the interaction between
GATA2 and AQP4 and that between AQP4 and PPAR-a have been
rarely reported. The results of the current study demonstrated a posi-
tive regulation in IBD in them. Besides, accumulating evidence has doc-
umented the participation of AQP4 and PPAR-« in the development of
IBD.%>?° For instance, the involvement of AQP4 was identified in the
pathogenesis of intestinal dysfunction after traumatic brain injury due
to regulation of intestinal oedema.®° Suppression of PPAR-a action by
PEA could aid in the inhibition of ulcerative colitis.*” Strikingly, PPAR-a
activated by fenofibrate treatment could evidently exacerbate inflam-
mation and tissue injury in acute colitis.®!

Essentially, the current study also determined that MSCs-EVs-
containing miR-378a-3p could reduce the LPS-induced apoptosis

of M064 cells and the occurrence of IBD in mice. An existing
study has elicited the potential application of MSCs and EVs in
the treatment of IBD. Previously, MSCs have demonstrated ther-
apeutic potential in IBD.%2 EVs elicit functionality in the aspect
of immune mediation as well as intestinal barrier integrity and
regulation of IBD.%® Besides, it was previously reported that exo-
somes derived from human umbilical cord MSCs could radically

attenuate IBD in a mouse model.3*

Moreover, EVs derived from
human bone marrow-derived MSCs could evidently alleviate coli-
tis in IBD models and thus have been proposed as potential can-
didates in the treatment of IBD.®® Furthermore, several studies
have identified the ability of EVs to deliver miRs to influence the
progression of several diseases including those associated with
IBD. For instance, EVs containing miR-146a could target TRAF6
and IRAK1 to ameliorate experimental colitis.3¢ Moreover, miR-
200b-containing microvesicles could evidently alleviate exper-
imental colitis-associated intestinal fibrosis via suppression of
epithelial-mesenchymal transition.®” The role of miR-378a-3p in
intestinal diseases has been previously investigated. Existing find-
ings revealed that miR-378a-3p elevated IL-33 expression in an
inflammatory environment, thereby inducing the pathogenesis
of ulcerative colitis.!! Besides, CDK6 inhibition targeted by miR-
378a-3p can serve as a protective barrier against intestinal injury
induced by ionizing radiation.®® Mechanistically, our findings elic-
ited that miR-378a-3p could target and inhibit the expression of
GATA2. Therefore, after delivering M064 cells by MSCs-EVs, miR-
378a-3p downregulated GATA2 to block AQP4 and PPAR-a, which
radically inhibited IBD development.

To conclude, the key findings in this study elicited that MSCs-
EVs could carry miR-378a-3p to inhibit the transcription factor
GATA?2, which can downregulate the expression of AQP4 and
block PPAR-a signalling pathway, thus inhibiting the occurrence
of IBD (Figure 7). This study may provide a novel target and the-
oretical basis for the clinical treatment of IBD. However, further
investigations are warranted to validate our results for clinical

application.
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